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Abstract. We present a scalable and flexible grouping service basedmn c
cast and best-effort single-source multicast. The semgsggns participating end
systems to specific groups based on application-supplieztiar Example uses
of such a service include peer-to-peer applications that weagroup machines
that are “near” each other, and reliable multicast servibas need to assign
receivers to repair groups. Our generic grouping framewelies on concast’s
many-to-one transport service to efficiently collect anglgapghe application-
specific grouping criteria to the group members’ informatiand it relies on
single-source multicast (i.e., one-to-many communicatio distribute the re-
sults to the nodes being grouped. The service can easilydiemized to meet
the grouping requirements of the application. We presentlsition data show-
ing the convergence properties of our grouping service @reffectiveness when
applied to the problem of constructing overlay networks.

1 Introduction

Distributed applications often partition their membetiato groups to improve scala-
bility and performance. In some cases this process occndoraly, while in others it
is controlled in order to ensure that nodes having similaratteristics end up in the
same group. For example, the scalability of reliable ma#tiédmproves when receivers
are grouped according to patterns of loss, and retrangmissire sent only to groups
in which some member lost the packet [1, 2]. Peer-to-peeliGgtipns and overlays
benefit from reduced latency when participants are groupaohgcted to) others who
are topologically “nearby”.

Although examples of this kind of grouping abound, it is tyglly achieved through
custom means; we know of no protocol designed to assist inpgf@rmation, say by
assigning participants that satisfy the same applicatiguplied criterion to the same
group. For small applications, a centralized approachdaing is a viable solution: a
single machine collects information from all participaraissigns them to their respec-
tive groups and returns the result to each participant. Mewdor large applications,
the need to avoid implosion and reliably convey results tgaiticipants limits the
scalability of a centralized solution. Also, group forneettidecisions may be influenced
by topology considerations. For example, the applicatiay mant to group nodes that
are topologically “near” one another (for some definitiorfreéar”). Thus, a grouping
service must be able to take topology into account in somma.for

In this paper we present a customizadpleuping servicehat assigns network nodes
to specific groups based on application-supplied crit@iie. service uses single-source



multicast to disseminate results, and concast to collegtpaacess information from
the participants. It is scalable because concast reduedsat on the central node and
spreads the work of group formation across the network $tfsature. In addition, by
processing information as it travels through the netwarkgrimation about topology
can be included in the process. The programmability of otrice derives from that
of concast, which allows an application to supplmarge specificatiodescribing how
its packets should be combined as they travel through theomnket Our grouping ser-
vice is implemented as a generic merge specification plugplication-supplied data
structure and three functions that operate on that datetsteu

The remainder of this paper is organized as follows. Se@igives an overview
of the concast service and Section 3 describes our groupistgagtion in detail. Sec-
tion 4 demonstrates our service’s applicability and ajgtiiee grouping abstraction to
two problems: grouping receivers in reliable multicast andstructing topologically-
efficient overlay networks. Section 5 discusses the sinmatesults that prove the
convergence and scalability of our approach and Sectiomélades the discussion.

2 Concast

This section provides a necessarily brief overview of thecest service and its pro-
gramming interface. The interested reader is referred]tiof2 detailed description of
concast.

A concast flowis uniquely identified by a paifG, R) whereR is the receiver’'s
(unicast) IP address ar@d is the concast group identifiemvhich represents the set of
senders communicating witR. Concast packets are ordinary IP datagrams \Ritin
the destination field an@ in the IP options field (in €oncast IDoption). The IP source
address carries the unicast address of the last concaatleaputer that processed the
packet. Concast-capable routers intercept and procegackets that use the Concast
ID option.

ProcessDatagram (Receiver R, Group G,

getTag(n): A tag extraction function returning a hash IPDatagram mY
or key identifying the message. Messageandm’ FlowStateBlock fsb;
are eligible for merging iff getTagg) = getTagn) DECTag t;

merge ¢, m, f): The function that combines messages MergeStateBlock s;

together. The first parameter if the current merge

state (i.e. information representing messages that haye fsb = LOOKURFLOW(R,G);

already been processed). The third parameter is a if (fsb # L) {

“flow state block” containing information about the t = fsh.getTag(m);

concast flow to whichn belongs s = GETMERGE.STATE(fsb, t);
doneg): The forwarding predicate that checks s, the s = fsh.merge(s,m,fsb);

current merge state, and decides whether a message if (fsbh.done(s){

should be constructed (by calling buildMsg) and (s,m) = fsb.buildMsg(s);

forwarded to the receiver. FORWARD.DG(fsb, s, m);
buildMsg(s): The message construction function, which }

takes the current message statand returns PUT_.MERGE.STATE (fsb, s, t);

the payload to be forwarded toward the receiver. }

}

Fig. 1. Merge Specification Methods )
Fig. 2. The Concast Framework

The packets delivered t8 are a function of the packets sent by the members;of
the concast abstraction allows applications to custonfiganiapping from sent mes-



sages to delivered message(s), which is carried out hdmpyby the concast-capable
routers along the path from sendergtor his mapping is called th@erge specificatign

it controls(1) the relationship between the payloads of sent and receat@djthms(2)
the conditions of message forwarding, g8d packet identification (i.e. which packets
are merged together). The merge specification is definedrimstef four methods (see
Figure 1), which are invoked from a generic packet-procegsiop as packets are pro-
cessed hop-by-hop (see Figure 2).

The concast framework allows users to supply the definitmnhese functions
using a mobile-code-language. The merge specificatiortibmgare injected into the
network by the receiver and pulled down into the network ®appropriate nodes by
the Concast Signalling ProtocqCSP) when senders join the group.

Each concast-enabled router maintains the following mfgion for each flow
(G, R) in aflow state blockor FSB.

Merge Specification the definitions of thgetTag merge, done, andbuildMsg func-
tions.

Per-message State ListA list of in-progress “merge states” indexed by message tags
Upstream Neighbor Lisf{UNL): Each item in the UNL represents a concast-capable
node or a local sender (i.e. an application on the same nodgjHich the current
node is the next concast-capable hop on the way.t®bhe node processes concast

messages sent by the members of this list. Every membersdlighis responsible
for refreshing its state to avoid being purged from the list.

Incoming packets are classified into flows based@nK). If no FSB is found for
a packet, it is discarded. Otherwise tpetTag function is obtained from the FSB and
applied to the packet to obtain a tag that identifies the edgmce class of packets to
which the packet belongs. Theerge function is invoked on the current merge state
for the tag (i.e., the merged state from all messages alreamhived) to compute the
new merge state. Thi#one predicate then determines whether the merge operation is
complete. If sobuildMsg is invoked to construct an outgoing message from the merged
state that is forwarded toward the receiver.

CSP establishes concast-related state in network nodespiidtocol works by
“pulling” the merge spec from the receiver towards sendesrshay join the group,
installing concast state along the path from the sendereadbeiver. All CSP mes-
sage are sent as regular IP unicast messages with CSP &tkmtithe protocol field,

(G, R) in the Concast ID option field, and the IP Router Alert Optiéhto stimulate
hop-by-hop processing.

3 Grouping Abstraction

Our goal is a scalable service that can be used as a buildiay bly applications that
need to partition their members into groups. An easy sallitido support a predefined
set of application-independent grouping policies. Fomeple: network hop distance
can be used as the group formation criteria where partitsgalaced are placed in the
same group if they are within a certain hop-distance of eabhbroHowever, prede-
fined criteria will not suffice for many applications. Instiethese applications want to



form groups based on participant-supplied criteria. Owppsed application-specific
grouping framework makes the following assumptions:

— All participants provide input (data) values (of a fixed, bgation-determined type)
to the grouping service; this information is used to mapipigdnts to groups.

— There exists a mapping from the input values to a merged \@ltlee same type
that represents the group. (i.e. the values of the partit§pshould benerge-able
in some way other than simple concatenation.)

— All members of the application are multicast- and concagtable.

Figure 3(a) illustrates the abstraction of the groupingiser One participant of
the application initiates the service by providing tireuping criteria The framework
applies this grouping criteria to all participants’ dataairdistributed manner. Every
participantm of the application provides a valug, and an identifietid,, as input
to the grouping framework. The structure and content ehdid are defined by the
application and interpretazhly by the grouping criteria.

The framework, using the grouping criteria, compares amdgsses input values
of all participants and assigns them to groups. The valuesaofibers that should be in
the same group are mapped to a single group vajubat characterizes the members
of the group. The framework nondeterministically choosas of the group members’
identifier as the group identifiéd,. Thus ifm’, m” andm'” constitute the first group,
then{v,, U, U } — vg1 @ndidgr € {idyy, idmy, idm }. Once completed, the
grouping result is propagated back to all participants st &ach can learn its own
group value and the identifier associated with it. Thus fropadicipant’s perspective,
the grouping service takes an application-specific valgesamdentifier as input and in
return provides the group value and the group identifier efgérticipant.

The grouping service provides one other configurable asppplications can choose
different levels of reliability for the service. The stragj form of reliability requires
the service to process the valueswkryparticipant before returning the grouping re-
sults. Another form collects input values of members ovepecsied interval of time
and then propagates the results back, independent of theerush participants that
have been grouped. In the following subsections we destiréinplementation of our
grouping service.

3.1 Grouping Algorithm

We use concast and single-source multicast to implementlatde solution to the
grouping problem. Figure 3(b) depicts the messages semgltite operation of the
service. These messages are discussed in more detail iollweifig overview of the
grouping algorithm:

1. One of the participants initiates the grouping serviag provides the application-
specific grouping criteria in the form of a merge specifiaatio be used by con-
cast. The initiator node functions as a concast receiveraamalilticast sender in
the grouping algorithm. As described in Section 2, the cetsarvice deploys the
mergespec (i.e. grouping criteria) in the network alongghth from the members
towards the initiator (concast receiver).
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Fig. 3. The Grouping Service

N

. The initiator multicasts a message that triggers alligpgnts to respond.

3. Each membem responds to the trigger with a concast message contairsng it

application-specific value,, and identifierid,,,.

4. Concast applies the grouping criteria to the concastagess Each resulting group
contains the merged valug and a identifiefid,. A single message containing a
(value, identifier) pair for each of the resulting groups éivcered to the initiator
(concast receiver).

. The initiator multicasts the list of groups back to all feeticipants.

6. Once a participant receives the entire list it identiftssgroup. We discuss the

process of identification below.

7. The value and the identifier associated with the partitipgroup are ultimately

returned to the application on each node.

(€2}

Once a participant receives the list @f,, id,) pairs, it needs to determine which
group it belongs to. An easy solution is to have the groupmagnéwork attach the
unique node identifiémid of the member to thév, id) pair input by it. When two val-
ues are classified under the same group, their correspondifsggcan be concatenated
to thenidlist of the group. Thus the concast receiver would get a messadaicimg
alist of (vy, idgy) pairs and avidlist, associated with each pair. This message is multi-
cast back to the participants who identify théiy, id,) pair by searching for theitid
in the nidlist,. However, this approach does not scale well, as the sizecofifiist
grows with the number of participants.

To achieve scalability, we propose a solution using Blootarfl A Bloom filter [5]
is a method for scalably representing a set of elements amdsiipporting membership
gueries for the elements. To summarize, a Bloom filter isradyit of! bits andk inde-
pendent hash functions. For each output of the hash fun@igplied to some value)

! This is not the same as the application-level identifier



the corresponding bit in the Bloom Filter bitmap is set. Thitshy (e), ..., hi(e) are
set in the bitmap. An elementis assumed to be present if all the bitgx), . . . , hi(2)
are set in the Bloom Filter. It is possible that a lookup findskement, even though it
was not inserted. Such a misidentification is terméalse positive

At nodem, the grouping framework hashes the unique node identifiéy, into an
empty Bloom filterb f,,. The grouping framework couplég,,, with the (v,,, id,,) pair
and forwards them as part of the concast data. At the conaasfimg nodes, when two
vp'S belonging to the same group are merged, the correspohdjp@re combined by
bitwise OR-ing them together. Thus, the amount of groupirigrmation returned to
participants depends on the number of groups and not on théenof participants.

The concast receiver finally receives a message containlisgat (v,,id,) pairs
and their correspondintgf ;'s. This message is multicast back to the members, each of
which performs a membership query for its owial on each group’s Bloom filter. This
guery must succeed for at least one group. If it succeedsaxtlgxone Bloom filter the
member has uniquely identified the group to which it belommnzever, membership
gueries may succeed on multiple Bloom filters due to falséipes. To overcome this
problem, additional iterations of the grouping algorithra earried out, with one differ-
ence from the steps above: members that have already upigeetified their groups
do not hash theinid in the Bloom filter in any of the subsequent iterations of tlyma
rithm. This decreases the probability of false positivesdstaelps the grouping algorithm
converge faster. The grouping algorithm iterates untitredimbers have uniquely iden-
tified their group, i.e. the concast receiver receives a aggssontaining only empty
Bloom filters.

3.2 Implementing the Grouping Algorithm

01 merge (MergeStateBlocknsh Packeip,

FlowStateBlocKsh) {
02 for eachrecord in p
03 processvalue(r.val);

20 for each record in p

04 if (msbis NULL) 21 addrtomsb

05 msb« create new merge state block
06 mshseqg— p.seq

07 msbneighbortotal < fshunLtotal

08 mshneighborcount«— 0

09 mshtimer < NOW +§

22 add p.senderid to
mshneighborsheardfrom)
23 mshneighborcount«—
mshneighborcount+ 1
24 return (nsh

10 if (p.senderide 2}

mshneighborsheardfrom)

11 return gnst) 26 done_allnode (MergeStateBlocknsh {

27 return fnshneighborcount==

12 for eachrecord in p msbneighbortotal)

13 for each record in msb 28}

14 if (can.combine(r.val, s.val)) .

15 s.val < combine(r.val, s.val) 33 dor';f;tr':?&iﬁa%?rﬁﬁgggiiltfﬁlsb {

16 s.senderid— choose (.senderid, t? ighb *r
s.senderid) ms Qe'g b(_)[tota) I

17 sbf — r.bf|| sbf gé} (NOW = msbtimer))

18 deleter from p

19 break

Fig. 4. Grouping Mergespec



Figure 4 describes the merge specification for implemeritieggrouping service.
The initiator supplies three routines to the grouping sErvprocessvalue to pre-
process the values of new incoming packets) combineto determine if two values
are mergable andombineto merge two values. These three functions are used by the
merge function (lines 1-25) at every concast node to aclgewaping. At the mem-
ber node, the concast packet sent by the grouping frameveories the value), the
identifierid and the Bloom filteb f as data.

When a packet arrives at an intermediate concast node thgenfignction pre-
processes it usingrocessvalue. If the merge state for the DEC corresponding to the
incoming packet does not exist then it is created and albb#es accordingly initial-
ized. Next, if the incoming packet is a duplicate packet ttlenmergespec skips its
processing. Otherwisean combinedetermines if the records in the packet are mer-
gable with the records in the merge state. If found to be nidegaombineis used to
merge the values in the recorathioosenon-deterministically picks either of the two
id's corresponding to the two merged values. Their corresimgnBloom filter's are
merged using a simpléR operation. A merged record is deleted from the packet and
in the end all unmerged records left in the packet are addédetanerge state. The
sender if of the processed packet is noted to avoid duplpratesessing.

The mergespec also describes two kindslofe functions:done allnode (lines
26-28) anddonetimeout (lines 29-32). The two functions impose different condigo
on packet forwarding at the concast node and as a resultqadwio different levels
of grouping service. Either of the functions can be seletdedise by the application
at initiation time. Note that the application only needs pedfy which of the two
functions should be used and not provide the functions tkbras.

One of the desired conditions of groupingcismplete reliability i.e. data from all
participants must be processed to produce the final “menggcket before delivering it
to the concast receiver. This is accomplished bydiwee allnode function which waits
until it has received and processed a concast packet froits alpstream neighbors.
But concast uses UDP for communication and packet lossésgdtommunication are
possible. If the nodes wait indefinitely for the packets tivarit may lead to deadlock.
Thus if the concast receiver does not receive the mergedasbpacket, it times out
and retransmits the trigger which causes the members &neehit their(v, id) pair.
Since the trigger is intended to complete the aborted psydasses the same sequence
number as the previous trigger. This redundancy ensuriabitiy.

The other desired functionality is that tfime bounded deliveryThis is accom-
plished by thedonetimeout function which waits for a fixed duration of time after
the arrival of the first packet and then forwards the merget#tgtaowards the receiver.
Thus members that fail to send théir, id) pair within the fixed duration of time are
excluded from the grouping process. This assures a timedsalresponse from the
members once the trigger has been sent. In this case paskeslamount to excluding
the member from the grouping algorithm.

The grouping process can be carried out periodically toripa@te new incoming
members. However this can work well if the application hasva late of participants
leaving and joining and they are insensitive to the join ylélde are currently investi-
gating techniques to make the grouping service adapt to charamic applications.



4 Applications

In this section we illustrate the use of our grouping serfacéwo applications: reliable
multicast and overlay networks. These applications usgfgigntly different grouping
criteria, demonstrating the flexibility of our grouping gee.

4.1 Reliable Multicast

A common technique used in reliable multicast protocolsthibouter-based and end-
system-based—is to assign receivers that need the saraesmission to the same
channels (i.e. multicast groups) and thereby reduce rezhimdtransmissions.

A common technique is to udessprintsto record the retransmissions a machine
requests [6—8]. Receivers with similar lossprints areljike be “behind” the same set
of lossy links with respect to the sender, and therefore gpec to request the same
retransmissions in the future. Each multicast receivep&éck of losses on the main
multicast channel and generates a lossprint, which cant@aced to the lossprints of
other receivers to determine which receivers to combirgeamnetransmission group.

In end-system-based approaches, receiver lossprintsaitinst be multicast to the
entire group (thus creating additional load on the netwoitke form of bandwidth and
routing state), or sent unicast to a central collection pftirus creating the risk of im-
plosion). In our concast-based approach, receivers seirddbsprints (in response to a
trigger) toward the concast receiver. The lossprints asapgd, in the manner described
below, hop by hop as they travel toward the concast recédieeeby reducing implosion
and bandwidth usage. The concast receiver receives a sirggsage containing a list
of lossprints, each representing a group of receivers.

If losses occumnly on bottleneck links lossprints accurately partition mersbe
into retransmission groups. However in practice, lossdk agcasionally occur on
other links and the grouping algorithm must allow for a dertamount of “noise” in
lossprints. Hence we combine two lossprints into the saroemif they are within
a threshold Hamming distance of their intersection (i.e. ltits that are set in both
bitmaps). Each group is represented by the intersectioheofdssprints of all of its
members; this has the beneficial side effect of removingenfoisn the group lossprint
as it moves up the tree.

Figure 5 illustrates the application supplied functipnscessvalue, can.combine
andcombinefor this application. The application-specific data cotssaf a lossprint
bitmap representing a fixed number of packets. pteeessvalue function does noth-
ing, as no pre-processing of the lossprints is required.cEmecombinefunction com-
pares two lossprints by first computing their intersectianrew lossprint that con-
tains only the bits common to both lossprints. It then coraptihe Hamming distance
(HD) between each lossprint and the intersection losspfFime lossprints are consid-
ered combinable if both Hamming distances are less ¢h&imally, thecombinefunc-
tion returns the intersection lossprint as the new grougs(iant).

4.2 Overlay Networks

Overlay networks offer advantages to applications thatirsgeecial routing and ad-
dressing schemes. In particular, they allow unique routing addressing schemes to



structureRM {
bitmaplossprint

structureOvly {
booleancan.combine(structureRM: s1s2) { integerhops
bitmapnew.lossprint
new/lossprint= sllossprint& s2lossprint void processvalue (structureOvly sJ {

slhops« slhops+ 1

return (fo_of_bits (newlossprint@® sllossprin < )

& & (no_of_bits (newlossprint® s2lossprin) <
1 ( ( print® prin <€) booleancan.combine(structureOvly: s1s2) {

return (61hops< 0) && (s2hops< 6))

void processvalue (structureRM: s1) {
return

1 structureOvly combine(structureOvly: s1,s2) {
structureOvly s3
structureRM combine( structureRM: s1, s2) {
structureRM s3 s3hops«— max 1hops s2hopg
s3lossprint«— sllossprint& s2lossprint return 63
return €3

Fig. 6. Overlay Mergespec functions

Fig.5. Reliable Multicast Grouping Merge-
spec Functions

be implemented rapidly, without extra network support restandard services. Con-
structing an overlay requires some means of locating othdicfpants and connect-
ing with them to set up the overlay. In the recent past, pegreer applications like

Gnutella, CAN, and Chord [9-11] have proposed some integeshechanisms for

forming and using overlay networks. In this paper, we dedhhe specific case of
Gnutella.

Gnutella is a protocol for distributed search. Every pgtiat is a client as well as
a server. To join the Gnutella network, a new node conneasycexisting member of
the network and probes its neighbors within a specified ayemnbp radius to discover
more members to connect to.

Because the overlay network is established at the apmitédyer, the use of the
underlying resources may not be optimum, i.e. multiple emtions over the same net-
work link. Since Gnutella forms connections by randomlymecting to a known node
and then to other nodes that are within some distance ofetrebulting connections
are independent of the underlying topology. To minimizd ltress it is desirable to
group members by topological vicinity, so that a node’s hbis in the overlay topol-
ogy also tend to be close to it in the underlying topologysTiliespecially important in
a Gnutella overlay, which relies on expanding ring seartbéscate content. If nodes
cache content and access patterns are consistent acrggdagtoal group, access la-
tency should benefit from the increased efficiency of thelayaronnectivity.

Our aim is to construct a topologically aware overlay nekwdihe idea is to form
groups by combining nodes within a certain hop-distancdis) of each other. We
also want to identify one node as the group representativenfall members of the
group connect to their representative node, they will aisoaver the identity of the
other nodes in the group.

Figure 6 describes the application-specific informaticedufer grouping along with
theprocessvalue, can. combine andcombinefunctions. The information consists of a
single integer: the hop count. The IP address of the memheseid as the identifier in



this application. The hop countin the value structure edrbiy a concast packet reflects
the number otoncast hopsraversed so far.

Every member sets the hop count to zero when originatingaitsey and sets the
identifier to its own IP address. At an intermediate concasienthe merge function
combines values in the packet with the existing merge stafelws: processvalue
increments the hop count. Tlkan_.combinedetermines two values to be mergeable iff
the hop count of both the values is less than the threghdfdso, combine“merges”
the two values by selecting the larger of the two hop courtte. grouping framework
non-deterministically chooses either of the IP addresséiseaidentifier(representative
node) for the new merged group. Consequently, all membatdighwithin a radius of
f concast hops of the intermediate node are merged togetoethim same group and
the IP address of a representative node is associated vathgeaup. This enforces
the required distance relationship, in concast hops meddomwards the concast re-
ceiver, among the members of the group. The resulting oyedévork is closer to the
underlying topology than a randomly connected network.

5 Simulations

5.1 Topology-based Grouping

To demonstrate the topological benefits of our groupingritlym we simulated the
overlay grouping mechanism proposed in Section 4.2 to forrov@rlay and compare
its characteristics with overlays formed using the Gnatefpproach (described later).
The overlay graphs are generated on a 2376 node GT-ITM trstodi topology. The
member nodes and the concast receiver node are randomiyesefeom the stub do-
mains. The number of members in the overlay varies from 2004@0 in steps of
200, with each member having three or four neighbors. Ounmjray algorithm places
members within a radius difireeconcast hops in the same group.

Member identify their group and the corresponding repregie node. They make
connections to the representative nodes and also discthanmmdes in the same group
to connectto. A few connections are made to representativebrars of other groups to
achieve global connectivity. In the Gnutella approach eations are made randomly
to any member of the overlay.

Avg-Stress (static) Total Links
6000

Grouping —— Grouping ——
5000 Gnutella - © 35000 | Gnutella -

4000
3000

2000

#No of unique physical links

# Average Stress on Links

1000

0 0 0
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
#No of Senders #No of Senders #No of Senders

(@ Unique Links in (b) Average Stress of (c) Total Links in Overlay
Overlay Links in Overlay

Fig. 7. Network Link Measurements



Connecitons formed using the grouping mechanism travesgerfunderlying net-
work links as comapred to those using Gnutella, and thisthreafluences the number
of links, the stress (defined as the number of connectiorigties through the link)
on those links, and the average hop distance to neighboeseTére important char-
acteristics that affect latency and congestion issuesir€ig plots the network link
characteristics of the two overlays and Figure 8 plots thmeotivity characteristics of
the two overlays.

Figure 7(a) illustrates that the number of unique links ia grouped overlay is
marginally less than the unique links in Gnutella. HoweviguFe 7(b) shows that the
average stress on the links remains constant for groupethgseacross the number of
receivers while the stress on the links in Gnutella increagth the increasing number
of receivers. Figure 7(c) synthesizes the information guFeé 7(a) and Figure 7(b) by
measuring the total number of links in the overlay and denrates the efficient use of
links by the grouped overlays as compared to the Gnutellaarkt
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Fig. 8. Overlay Characteristics

Figure 8(a) plots the average number of underlying netwanshtaken over all
pairs of neighbors, for both overlays. Since Gnutella catioes are formed randomly,
increase in membership does not affect the average netwgrklistance to the neigh-
bors. Inthe grouped case, increase in membership casusasttieer of members within
a group to increase. Thus more neighbors are now availalitato connections and
this reduces the average hop distance for the grouped gverla

The average network hop distance to neighbors has a difeatiirce on the average
delay experienced by the nodes when communicating with tieéghbors. Figure 8(b)
plots the average network hops in the connections that arefithe minimum spanning
tree built using the two overlays. Again, we see that the peduoverlay has a more
compact network connectivity.

5.2 Notification

Although the grouping algorithm is probabilistic in natpiteexhibits very nice conver-
gence properties. As members learn their respective grolg refrain from setting
bits in the Bloom Filter which greatly reduces the false pesirate (i.e., the number



of bits selected by more than one receiver). Even when thebeuof group members

is significantly larger than the size of the bitmap in BloorttéFi(i.e., the false positive
rate is extremely high — multiple members per bit), the atjor converges in only a
few iterations. The reason for this is that colliding mensbemain confusednly if
they belong to different groupés long as the number of groups remains small com-
pared to the number of members—which is arguably neceseagcalability of any
grouping scheme—it is very likely that at leastmecolliding members will end up in
the same group and become aware of their group despite fatsivps. This means
that a fixed-size bitmap in the form of a Bloom Filter can bedugéth a very large
member set.

To demonstrate the convergence properties of the groufgogtim we simulated
it on a 1000 node transit-stub network topology generatétguhe GT-ITM pack-
age [12] for the multicast grouping problem. The multicagthmbers were randomly
selected within the stub domains in the graph. We simulatedymup formation pol-
icy described in Section 3 and Section 4.1 to group multiegivers behind the same
“congested” link into the same group. We randomly defirleks in the graph as “con-
gested”, resulting in at mogt + 1 possible groups.

Figure 9a plots the number of confused receivers againsiuher of iterations
needed to converge for 300 group members, 50 lossy linksS{L.groups) and 3 dif-
ferent Bloom Filter sizes of 128, 256 and 512. The graph Ighité the robustness of
the grouping algorithm. Even with more than two receiversiie the algorithm has a
steep convergence rate (i.e. converges quickly).

Figure 9b plots the average number of iterations needed neecge against the
number of application members (receivers). In this case aveed the number of re-
ceivers from 100 to 800 in increments of 100 for Bloom Filtees ranging from 128
to 1024. The number of lossy links (groups) was always 10guerof the number of
receivers. This graph highlights the relative insengitief the algorithm to the number
of receivers, for a constant receivers/groups ratio.
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Fig. 9. Convergence rate for (a) different bitmask sizes, and (jifeering numbers of receivers.

6 Conclusion

We have presented a scaleable and flexible grouping serag=sllon concast and best-
effort single-source multicast. The service does not megamy router extension other



than concast. Applications can make use of the service lplygng three simple func-
tions to our generic group merge specification. These fanstmanipulate application-
supplied data to implement application policy for partiiilig members into groups.
The functions are easy to specify, and can pose no securégtttvhen used with the
concast merging framework inside the network.

Concast makes it possible to collect the grouping inforamadit a single point. Our
announcement technique uses Bloom filters to enable eatitipaint to learn its group
assignment without explicitly identifying individuals emy message. Our simulation
results show good convergence properties for our grougngce, even when the ratio
of group size to Bloom filter size is large. Also, by custom@ibur grouping service
to two diverse applications: reliable multicast and owerlatworks, we show that the
service is flexible and can be adapted to various applicaitionthe future, we plan to
investigate how to apply the grouping framework to othessts of applications.
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